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Abstract: The thick middle Miocene evaporites of the Great Kavir Basin, Central Iran, are
classified as MgSO,-poor potash-bearing deposits. In the northern domain of the Great Kavir
Basin these sediments occur as 50 very large salt diapirs, as well as outcrops in several areas,
including the Melheh salt pit to the south of Semnan, north Central Iran. Based on the excellent
preservation of layering in these sequences, along with well-preserved bottom nucleated
primary textures within the halite and sylvite, they are interpreted as largely primary deposits.
They also contain some secondary minerals such as langbeinite, d’ansite, polyhalite and anhydrite.
The Br content in the halite and sylvinite layers falls within the range of marine evaporites. These
MgSO,-poor potash-bearing evaporites deposits, along with other marine and continental
sediments, appear to have been precipitated in the marginal marine basins around continental
rifts. Seemingly, these evaporites formed in marginal marine rift-related basins which also
received input from deep, circulating hydrothermal CaCl,-rich brines. These hydrothermal
brines were also rich in Fe and Zn and apparently were driven upward along faults and fracture

zones by the thermal gradient along the axis of the extensional trough.

In Iran the evaporite deposits of Cenozoic age are
mainly situated in the central Iran tectonic zone
and its eastern sector, the northern Great Kavir
Basin (Fig. 1). In the latter area these deposits,
along with red beds, limestone and other marine
and continental sediments, are to be found in tens
of very large diapirs as well as extensive outcrops.
These deposits may be divided into two strati-
graphic units, and are Eocene, Oligocene and
Miocene in age. They have been subject of many
research projects since 1888 (e.g. Vaughan 1893;
Kalhor 1961; Stocklin 1968; Neal 1969; Krinsley
1970, 1974, 1976, 1977; Russo 1976; Rowlands
et al. 1984; Jackson et al. 1990; Sadedin 1990;
Dari et al., 1993; Rahimpour-Bonab & Alijani
2003; Rahimpour- & Kalantar-Zadeh 2007).
When the Iranian Oil Company was established,
one of its initial goals was to explore central Iran
and the Great Kavir Basin. In the last decade pre-
liminary potash exploration has been initiated by
the Geological Survey of Iran, which has added
invaluable insight concerning distribution and
lateral facies changes of these deposits.

In earlier studies (Rahimpour-Bonab & Alijani
2003; Rahimpour-Bonab & Kalantar-Zadeh 2007)
the origin, depositional model and diagenesis of
similar Eocene and Miocene evaporites in the NW
and north of the central Iran tectonic zone have

been tackled. The main objectives of this study
are to reconstruct the sedimentary environment of
these evaporites, to examine their relationship
with their equivalents in the other areas of
central Iran, to decipher the possible origin of
brine and potash minerals and to propose an
appropriate depositional model for such thick
evaporite deposits.

Geology and stratigraphy

The study area is situated in the northeastern sector
of the central Iran tectonic zone, in the northern part
of the Great Kavir Basin (Figs 1 & 2). The Cenozoic
sediments of the central Iran tectonic zone and its
eastern sector, the Great Kavir Basin, are more or
less similar throughout the area, but with some
regional differences. The Cenozoic of the Great
Kavir Basin is an intracontinental rift basin filled
with several kilometres of Eocene to Recent
marine and continental sediments that are mainly
evaporites, carbonates and red beds. To the south
of the city of Semnan (Fig. 3) these sediments
occur as about 50 very large salt diapirs that
contain Eocene to Miocene evaporites, limestone
and continental red beds.

This basin began to form during an important
episode of rifting in the Iranian plateau during the
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Fig. 1. Tectono-sedimentary provinces of Iran and location of the studied area (map from Geological Survey of Iran;

National Iranian Oil Company 1977).

Early Cretaceous and this area became a region of
intense and pervasive block faulting during rifting.
Evidence for this style of tectonism is present as
horst and graben structures that underlay the
Kavir Basin. In these rift grabens, best developed
in the northeastern border region of the Kavir, the
sequence comprises sediments that range from
Upper Cretaceous to Recent (Stocklin 1968).

Most authors favour the idea of a wide (Neo-)
Tethys ocean passing through Iran from Mesozoic
until the Eocene (Belov er al. 1986; Dercourt
et al. 1986; Scotese 1987). Accordingly, the ophio-
litic mélange zones exposed in the north of the
Great Kavir fault are remnants of an old ocean
floor that had completely encircled and isolated a
Central Iran microcontinent (Fig. 3). Consequently,
distribution of the mélange zones and their lateral
discontinuity in the Great Kavir Basin suggest a
pattern of strongly subsident rift grabens and
narrow troughs of ocean crust separated by rela-
tively stable horsts (Jackson et al. 1990). Since

that time, at least up to the Eocene, this oceanic
crust was largely subducted leaving remnants of
oceanic crust and its associated sediments in differ-
ent parts of Central Iran, including the Great Kavir
Basin and the Zagros suture zone. Although evapor-
ites of the Great Kavir Basin first appeared in small,
scattered sub-basins in the Early Middle Eocene,
significant evaporite deposition began during
regional regression toward the end of the Eocene.
This regression was related to an important phase
of faulting, tilting and regional uplifting that
affected all of central Iran. These changes in the
relative plate movements, during Eocene times
(Dewey et al. 1989), were associated with
subduction-related volcanism that affected central
Iran. Owing to these tectonic events, the setting
changed from the marine sediments of Lower to
Middle Eocene and passed up into thick continental
red bed facies of the Lower Red Formation (LRF)
during the Oligocene (Fig. 4). The LRF, which is
composed of red continental clastics and evaporites
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Fig. 4. Stratigraphic column of the studied area in the Northern Kavir Basin.

of Oligocene age, marks the onset of a new sedi-
mentary cycle. The evaporite units of the LRF,
which crop out in the northern border of the
central Iran tectonic zone, in the Great Kavir
Basin (south of the city of Semnan) and are
present in its very large diapirs, are marine in
origin (Rahimpour—Bonab & Alijani, 2003). These
evaporites are mainly halite with some potash
layers that have simple mineralogy, with high
bromine content (up to 450 ppm) and are associated
with some marine limestone.

The retreat of the sea in the Early Miocene
(Burdigalian) led to the establishment of continental
wadi conditions, and the marine limestone of the
Qom Formation was gradually replaced by thick
evaporite and continental red bed facies of the
Upper Red Formation (URF). The lithologies of
the Upper Red Formation are very similar to the
LRF. Thus, in the Middle Miocene development
of restricted marine conditions produced a facies
change from the shelf carbonates of the Qom
Formation to evaporite sequences of the Ml
member, Upper Red Formation (URF) (Rahimpour-
Bonab & Kalantar-Zadeh in press). This basal eva-
porite member (M1), is about 200 m thick and is
mainly composed of gypsum, halite and in some
places potash minerals, in the type section,

overlying the uppermost marine marl of the Qom
Formation.

The area of the Melheh salt pit is located in the
M1 unit and there its thickness is more than 800 m
(Figs 5 & 6). Seemingly, this evaporite member is a
lateral equivalent of massive reef limestone, which
in some areas of the Central Iran is classed as the
uppermost member of the Qom Formation. The
M1 member demonstrates a partial lateral transition
from the Qom limestone to evaporites. Above this
basal evaporite are about 2000 m of red-bed conti-
nental sediments with distinct repetitive series com-
posed of shale, siltstone, mudstone and sandstone.
Each series is from 10 to a few tens of metres
thick and comprises from bottom to top: impure
salt, gypsum, green gypsiferous mudstone and red
claystone. Apparently, the sequences represent a
reversal of a typical (marine) evaporite sequence
by a periodic influx of relatively fresh water into
the highly concentrated brine of a landlocked
basin dominated by arid climate.

Member M2 is 2000—-3000 m thick and is com-
posed of an alternation of gypsiferous mudstone and
siltstone with distinct colour banding. In the middle
part of this member numerous intercalations of pale
green marl (up to 500 m in thickness) that contain
abundant ostracodes and Chara oogonia are also
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Fig. 5. Schematic cross section across the Great Kavir Basin. Salt units are in black (modified from Jackson et al. 1990,

with permission from GSA).

present. This part is overlain by fine-grained grey
sandstone that contains some conglomeratic
(pebble) intercalations.

Member M3, having about 1000 m thickness,
consists of sandstone with intercalations of con-
glomerates overlain by cyclic saline mudstone
with grey to green colour.

Overall, the URF sequences are made up of a
facies mosaic of lagoonal and salina evaporites
(mainly halite beds) admixed with continental
siliciclastics that conformably, and in some
places gradually, overlies the Qom Formation
(Rahimpour-Bonab and Kalantar-Zadeh 2007).
Most of the extensive red beds exposed in the
Kavir Basin and central Iran belong to the URF.
In the northern border of the Kavir, the URF is
well exposed in the large Moalleman anticline,
southeast of the Melheh salt pit (Fig. 5). This unit

overlies the palaeontologically dated topmost
Burdigalian beds of the Qom Formation and lies
below an unconformable overburden of continental
deposits, which in NW Iran contain a freshwater
fauna of Zanclean (Early Pliocene) age. Thus the
URF in central Iran and Kavir Basin is between
17 and 5 Ma old (Jackson et al. 1990).

The structural trends of the area follow the major
structural elements of the region, i.e. the Alborz
Main Fault and Zagros Trust Fault (Jackson et al.
1990; Fig. 7). By mid Miocene time significant oro-
genic movements ceased in the Middle East (Late
Alpine orogeny). This resulted in the development
of several shallow basins that then were filled by
evaporite and continental sediments (Jackson

et al. 1990; Darvishzadeh 1991). In the northern
province of the central Iran tectonic zone and
the Zagros

in Basin shallow discontinuous

Fig. 6. Outcrop photo showing well-preserved layering in the halite of the Melheh salt pit.
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epicontinental settings were dominated by an arid
climate, and became the sites of widespread evapor-
ite deposition and continental wadi sediments. This
phase of evaporite deposition was interrupted
several times and such deposits are diachronous
all over central Iran.

Methods

This paper is based on the field study and petrographic
examinations (thin sections and XRD) and geochem-
ical analysis (Br, K, Ca, Mg, Zn, Fe) of the core
material and salt pit samples. Accordingly, about
200 samples were systematically collected at
regular intervals (1 m) from outcrops and boreholes
of the Melheh salt pit in order to decipher the deposi-
tional environment and diagenesis of evaporite depos-
its. Samples that showed minimal post-depositional
alteration, with well-preserved syndepositional
textures, have been used for geochemical analysis.
The chemical composition of minerals was
analysed by ion chromatography. Major anions
and cations in the solutions were measured
simultaneously after dilution by a factor of 5000—
10,000 by use of a Metrohm ion chromatograph
with chemical suppression for the anions. All
samples were acidified to a pH of 2.6. Accuracy
and reproducibility were investigated by analysing
the North Atlantic Standard Seawater (NASS4)

international reference sample (n — 50). The
accuracy was better than 1% (relative) for all
elements except for K (<4% relative). The relative
standard deviation for the analysis of the reference
sample was 1% except for K (<3%) (Siemann &
Schramm 2000).

Brin the crystals was analysed in neutral solution
after they were diluted 1:1000. Accuracy as well as
reproducibility was better than 1% measured against
an in-house halite reference sample. The calibration
for the Br quantification was strongly adapted to the
ClI concentration of the crystal. Before dissolving the
crystals, they were analysed by laser Raman
spectroscopy (Siemann and Ellendorff 2001) and
X-ray powder diffraction (Siemann 1993).

Petrography and diagenesis

In this study area the sedimentary sequence, from
base to the top, is composed of following units.
Evaporite sequences

These can be subdivided into three units.

A chloride unit This unit, which is very well-
bedded (Fig. 6), having more than 800 m thickness,
is strongly variegated and shows alternations of
various colours in different scales (Fig. 8). In the
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Fig. 9. Salt growth structures (scale bar for all figures 250 wm). (a) Vertically elongated chevron textures (plane
polarized light). (b) Halite cornets (polarized light and gypsum filter) in halite. (¢) Vertically elongated halitechevron
textures and cornets (plane polarized light). (d) Halite in sylvite (plane polarized light).
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Melheh mine, the blue to violet colours in halite are
of great interest, because they are used as key beds
for prospecting for potash-bearing layers (sylvinite
beds). They are restricted to the contact zone
between halite and sylvinite. Discoloration is attrib-
uted to water percolation along bedding planes that
induces recrystallization (Sonnenfeld 1995).
Accordingly, bromine is leached by circulating
brine (from NaBr), but metallic Na remains intact
and that produces blue colours (Sonnenfeld 1995).

The chloride unit is composed of the following
paragenetic assemblage: primary minerals that
include halite, gypsum, sylvite (KCl) and carnallite
(MgCl, - KClI, - H,O). However, based on the petro-
graphic examinations, the secondary minerals
are polyhalite (2K,SO, - CaSO, - MgSO, - 2H,0),
langbeinite (2MgSQO, - K,SO,), d’ansite (9Na,SOy -
MgSO, - 3NaCl), anhydrite (CaSO,), plus minor
amounts of dolomite and ankerite. In addition, some
tiny particles of reworked volcaniclastic minerals
are present in the studied thin sections.

Based on the chemical groupings proposed by
Hardie (1984) the studied evaporites can be classi-
fied as MgSOy-poor potash-bearing deposits,
made up of cycles composed of halite, sylvite and
subordinate carnallite, which show delicately,

well-preserved, primary depositional bottom-
growth textures. In thin sections of halite and sylvi-
nite beds, many halite and sylvite crystals show
remarkable preservation of depositional textures,
fabrics and primary fluid inclusion banding. Both
minerals commonly exhibit vertically elongated
chevron textures with cloudy fluid inclusion bands
outlining primary crystal growth faces (Fig. 9).
Some halite and sylvite layers show well sorted
millimetre-sized or larger cumulate crystals
(Fig. 10) and centimetre-sized, randomly oriented
hoppers, with fluid inclusion banding, now filled
with clear halite cement (Fig. 10). These primary
textures are evidence of growth in a shallow brine
pool (e.g. Philips 1956; Llewellyn 1968).

Thus, sylvinite layers are largely interpreted as
primary deposits, because the sylvite is intergrown
with halite and both contain unquestionable
primary subaqueous textures (Fig. 10) and they
show no evidence of an origin by replacement. In
many cases they do show polygonal-mosaic tex-
tures, with individual halite and sylvite crystals
with various sizes. The other common texture
observed in sylvinite beds is a framework of
euhedral and subhedral halite cubes, poikilitically
enclosed by anhedral crystals of sylvite. Carnallite

Fig. 10. Salt growth structures (all figures in plane polarized light, scale bar 250 pm). (a) Well-sorted millimetre-sized
cumulates crystals of halite. (b) Well-sorted millimetre-sized cumulates crystals of sylvite. (¢) Centimetre-sized, halite
hoppers with fluid inclusion banding, which are filled with clear halite cement. (d) Intergrowth of primary sylvite and

halites crystals.
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occurs as tiny anhedral crystals between framework
crystals of halite and sylvite within the sylvinite
layers. Textural evidence suggests a syndeposi-
tional cement origin for such carnallite.

Absence of alteration rims around sylvite crys-
tals rules out the possibility of their secondary
origin. Surface nucleated halite crystals (such as
pyramidal hoppers) are present and commonly
associated with primary crystals of sylvite
(Fig. 11). This texture not only indicates primary
deposition but also denotes either settling in a stra-
tified brine body or very rapid evaporation in an
unstratified system (Hardie et al. 1985). Periodic
refreshment and renewed stratification may have
inhibited saturation of the brine column (Kovale-
vich 1978). As a result, in the stratified brine pool,
co-precipitation of sylvite occurs as bottom

nucleated crystals. In addition, the sylvinite layers
of well-

follow the depositional boundaries
preserved halite layers.

In the K-salt-bearing horizons, potash is present
both as primary and also secondary minerals that
comprise up to one-third of the sequence. Secon-
dary potash minerals such as polyhalite, d’ansite
and langbeinite are confined to the crystals bound-
aries of primary halite crystals (Fig. 11).

Some sylvite crystals form millimetre-sized
anhedral mosaics which lack fluid inclusion
banding (Fig. 11), but in most instances sylvite is
composed of millimetre-sized chevrons. Mosaic
textures of sylvite crystals were probably produced
by post-depositional modification (diagenetic neo-
morphism) of sylvite crystal boundaries. One possi-
ble modification mechanism for primary textures of
the sylvite crystals, during early diagenesis, is via a
‘brine curtain’ mechanism (Warren 1999, pp. 80—
81). Lack of the extensive cementation by primary
potash minerals in the halite layers indicates that
the primary potash minerals were formed rapidly,
before the brine could reach the desiccation stage.

Fig. 11. Photomicrographs of various salts (scale bar for all figures 250 wm). (a) Hopper halite crystals associated with
primary crystals of sylvite (plane polarized light). (b) Secondary potash minerals (such as polyhalite, d’ansite and
langbeinite) are confined to the crystals boundaries of primary halite crystals (polarized light and gypsum filter). (c)
Sylvite crystals form anhedral mosaics which lack fluid inclusion bandings associated with primary sylvite with
chevron texture (plane polarized light). (d) Halite with drusy mosaic texture showing curved crystal boundaries

meeting at triple junctions, (plane polarized light).
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Moreover the absence of mud partings supports the
latter conclusion.

In some cases halite chevrons are truncated by
irregular patches of clear halite that enclose the
cloudy traces of the primary textures. Seemingly,
this feature is an indication of syndepositional dis-
solution—precipitation periods and represents
partial recycling of the concentrated pore fluids in
the micropores of newly precipitated halite crystals
(Kirkland et al. 2000). Thus, the clear halite crystals
are early diagenetic cements (Shearman 1978;
Spencer 1987).

In a few samples halite crystals lack any synde-
positional features and rather display diagenetic
textures such as inclusion-free equigranular
mosaic crystals with curved boundaries that meet
at triple junctions (Fig. 11). These observations
along with the preservation of the primary textures
in most samples suggest an early stage of shallow
burial diagenesis.

In the chloride unit anhydrite and gypsum and
secondary potash minerals, such as polyhalite,
d’ansite and langbeinite), occur as alteration
haloes confined to the boundaries of the halite and
sylvite crystals (Fig. 11). In this unit anhydrite
and gypsum are also present as nodules and micro-
crystalline aggregates. Presumably, secondary
potash minerals, such as polyhalite, formed by
partial alteration of sulphate nodules. This may
suggest that the secondary potash minerals have
been formed due to chemical reactions between sul-
phate nodules and Mg and Ca-rich fluids. Presum-
ably these concentrated pore fluids were released
from primary inclusions in the capillary fringe
(Hardie et al. 1985; Peryt et al. 1998). This type
of anhydrite and gypsum transformation to polyha-
lite is an indication of interactions between
sulphate-bearing diagenetic  fluids with the
K-bearing host mineral such as sylvite. Association
of diagenetic ankerite and dolomite crystals with
polyhalite is another indication of high Ca and Mg
content of these diagenetic fluids.

Sulphate beds  Toward the uppermost section of
the chloride unit the pure halite and sylvinite beds
gradually change to the alternations of halite and
gypsum that signal the end of halite deposition. In
this part of the section about 50 m of gypsum, com-
posed of vertically aligned primary vertical crystals
(fibrous), overlies the chloride unit with sharp
contact. These sulphate beds are overlain by a
marine, fossil-bearing, carbonate unit having
approximately 30 m thickness.

Carbonate unit  This unit sharply overlies the
latter beds and contains copious marine fossils
including molluscs such as mytillidea, cardidea and
dreisinsidea, microfossils such as some species of

milliolidea, and other marine biota such as red
algae, green algae and corals. The lower parts of
the carbonate unit, which is thick bedded limestone,
contains plentiful quantities of marine micro-
and macrofossils of shallow-water organisms.
However, toward the top, due to facies change,
the abundance and diversity of fauna and flora
diminishes and thick-bedded marine limestone
passes upward into red, sandy, fine-bedded lime-
stone. This suggests that, after deposition of the sul-
phate beds, open marine conditions returned to the
area; however, a gradual facies change from
marine fossiliferous limestone to marginal, sandy,
non-fossiliferous carbonate signals the onset of
another marine regression.

Siliciclastic sequences

The carbonate unit is overlain by very thick
sequences (up to 1.5 km) of siliciclastic continental
sediments (red beds) that contain red to grey sand-
stone, mudstone, siltstone, marl and conglomerates,
mainly composed of volcaniclastic fragments.
These belong to the upper parts of M1 and M2
members. Presumably, they demonstrate permanent
marine retreat from the Great Kavir Basin, and con-
siderable subsidence to create the capacity for
the accumulation.

Geochemistry

Evidently, potash deposits that contain primary
sylvite and carnallite and lack MgSO, salts have
been precipitated from Na—Ca—Mg—K-Cl brines
(Hardie 1984). Normally, upon evaporation sea-
water may reach 70—100 times its original concen-
tration. Usually, at this stage the brine is depleted in
SOy, and Ca (due to formation of either gypsum or
anhydrite), and will be relatively enriched in Mg, K
and Br. The high Br content of such concentrated
brines is due to the high concentration of
0.84 mol Kg71 H,O in seawater (Braitsch 1971;
Bruland 1983) and its long residence time
(1.0 x 10° years) in the ocean (Chester 2000).
Accordingly, the Br content of the halite could
provide invaluable insight about depositional con-
ditions and brine evolution of halite- and sylvite-
bearing evaporites. Additionally the Br partition
coefficient between halite and brine is about
0.12-0.14 (Schreiber & El Tabakh 2000; Siemann
& Schramm 2000, 2002). Thus, at the beginning
of the potash precipitation stage the highly concen-
trated brines are significantly enriched in Br. This
partition coefficient is affected by other ionic
species in the brine, such as K", HCO3 and Cat?
(e.g. Braitsch & Herrmann 1963; Siemann &
Schramm 2002). Accordingly, the Br content of
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Table 1. Bromine concentration in the halite and
sylvite samples from Melheh salt pit

Sample no. Br(ppm) Sample no. Br(ppm)
1-1 140 26 203
1-2 105 27 256
2 100 28 79
3 112 29 170
4 136 30 195
5 137 31 114
6 124 32 225
7-1 159 34 216
7-2 99 35 202
8 157 36 85
11 197 37 207
12 179 38 184
13 175 39 196
13-1 155 40 215
13-2 162 41 203
14 143 42 305
15 186 43 211
16 232 44 219
17-1 162 45 224
17-2 204 46 49
18 194 47 241
19 181 48 207
20 167 49 196
21 197 54 226
22 190 64 168
23 220 70 169
24 205 72 172
25 199 75 155

the halite deposits could provide invaluable insight
about depositional conditions and brine evolution of
halite- and sylvite-bearing evaporites. Finally there
is one other factor in this consideration, the dissol-
ution of older salts into the brine, as in the case of
the Dead Sea (Zak 1997).

The Br content in the primary halite layers, those
that show well-preserved depositional textures, is
about 60—140 ppm but rises to 200—300 ppm in
sylvinite beds (Table 1). The Br content of the secon-
dary diagenetic samples (clear halite), those halites
which show triple junction boundaries, is about
49-75 ppm. This secondary texture could have
been formed by dissolution during diagenesis
(Holser 1979) or by partial recycling of diagenetic
fluids released during the gypsum—anhydrite reac-
tions (Kirkland et al. 2000). Mean Br values of
the sylvinite layers are about 330 ppm, implying
that the brine was already sufficiently concentrated
to crystallize carnallite. These values demonstrate
that the parent brine had evolved to the potash
level deposition.

Based on Br values, the bromine profile of the
chloride unit may be divided into three parts.
Halite samples with less than 60 ppm Br were

influenced by late diagenesis while halite crystals
with primary textures show Br values of about
65—190 ppm. Higher Br values (up to 305 ppm)
belong to sylvinite layers (Fig. 12). Vertical Mg
and K profiles approximately correlate with the
latter values, which suggests a primary signature
for Br (Fig. 13). In most samples Ca values correlate
negatively with the other elements, except where
secondary Ca-sulphate minerals are present. In
halite samples Zn values vary between 200 and
1250 ppm and Fe from 100 to 943 ppm (Table 2).
These values, which are higher than the average
for marine evaporites, suggest a contribution of
hydrothermal brines (Hardie 1990).

Fluid inclusions

Petrographic examination of halite and sylvite
reveal well-preserved fluid inclusions along
growth bands of halite and sylvite crystals, with
their typical rectangular shape (Fig. 10). There are
also some secondary anhedral inclusions that
show irregular shape and formed during diagenesis.
Based on Bodnar’s (1994) classification, there are
three types of inclusions recognized in the studied
samples that include primary monophase fluid
inclusions, primary polyphase inclusions and secon-
dary polyphase inclusions, which are located at the
grain boundaries. The primary inclusions range in
size from 10 to 100 pm, but the secondary
inclusions are much larger.

Some sylvite crystals, with well-preserved fluid
inclusion bandings (such as chevrons), contain
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Fig. 12. Vertical bromine profile of the Melheh salt pit
(depth from top of the section).
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Fig. 13. Vertical Mg, K and Ca profiles of the Melheh
salt pit (depth from top of the section).

euhedral carnallite and sylvite daughter minerals in
their inclusions with their characteristic crystallo-
graphic appearance (Fig. 14). The primary
polyphase inclusions, present in the sylvite crystals,
represent brine evolution to the stage of potash sat-
uration. Moreover, these observations along with
the presence of mono-phase fluid inclusions in the
primary minerals suggest an early stage of
shallow burial diagenesis. Both the mono- and poly-
phase secondary inclusions are situated along the
crystal boundaries of primary halite and have differ-
ent compositions such as ferrous oxides, sulphates
and diagenetic salt minerals.

Depositional model

Secular variations in the mineralogy of potash-
bearing evaporite during Phanerozoic are discussed
by many authors (e.g. Hardie 1990, 1991, 1996;
Hryniv & Peryt 2003). Accordingly, in some
periods MgSO, salts (such as polyhalite and kiese-
rite) were the main potash minerals while MgSO,4-
poor potash salts were dominant in other times
(absence of MgSO, salts). The latter deposits,
which contain halite, sylvite and carnallite as
primary minerals and are usually entirely free

from the primary Mg-sulphate salts, make up
more than 60% of ancient potash deposits (Hardie
1990, 1991). However, as Hardie (1984) pointed
out, these salts cannot be derived by normal evapor-
ation of modern seawater or any similar
sulphate-enriched brine. Hence, several hypotheses
have been presented for the origin of these MgSOy,-
poor salts, trying to explain these salts either as
unusual marine evaporites or as altered marine eva-
porites. Among them, burial alteration of normal
marine evaporites by groundwaters (Borchert
1977), bacterial sulphate reduction (e.g. Sonnenfeld
1984), seawater mixing with bicarbonate-rich river
water (e.g. Valyashko 1972), and finally contem-
poraneous dolomitization of co-existing marine car-
bonates by seawater brines in a marine evaporite
environment (Holland 1978), are most important.
However, Hardie (1978) proposed a quite different
explanation for this type of evaporite, particularly
those deposited in rift and strike—slip basins. He
suggested that upwelling CaCl, hydrothermal
brines were the main source for MgSO4-poor
salts, as has been discovered in some modern analo-
gous settings (e.g. Dead Sea trough, African rift
basins). A similar concept has been put forward
very recently by Hovland er al. (2006) with sugges-
tive experimental data supporting this idea. The tec-
tonic setting of Hardie’s area had, presumably, the
crucial conditions for evaporite deposition, such
as arid climate and hydrologic closure of the deposi-
tional basin. In this system uplifted mountains
encircled a series of elongated valleys, which
were hydrologically closed sedimentary basins.

In this model, proposed by Hardie (1978), the
basins were similar to the abundance of modern
evaporite basins in central Iran, in which the
uplifted mountains act as rainfall traps and barriers
and the valley floors are local rain-shadow deserts.
Deposition of thick evaporite deposits in these
basins required rapid, active subsidence during the
rapid evaporite accumulation and substantial
inflow of brine (marine and/or non-marine) to the
basin (Schreiber & Hsii 1980) with deposition and
preservation that outpaces sand and mud influx
into the basin (Hardie 1990). Seemingly, the eva-
porating basins were coastal depressions with their
floors below sea level and with a constricted, very
shallow inlet or a sort of permeable seal. As could
be seen in some modern tectonically active closed
basins, such as Dead Sea trough, Salton trough,
Danakil Depression and Khur region in the southern
border of the study area, deep circulating hot CaCl,
brines are driven upward along faults and fracture
zones by thermal anomalies along the axis of the
extensional trough or by gravity from uplifted
mountains that fed evaporite basins. The Khur
region (Fig. 3), an old system of a closed continen-
tal rifting zone, which still shows some substantial
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Table 2. Br and SOff content in the halite layers (in bulk samples)

Sample no. Br(ppm) SO4% Sample No. Br(ppm) SO4%
1A 140 0.77 24 205 0.74
1 105 — 25 199 0.75
2 100 — 26 204 —
3 112 — 27 257 0.80
4 137 — 29 171 0.04
5 138 — 30 195 0.60
6 124 — 31 114 —
7 160 — 32 226 —
Ta 100 — 34 216 0.21
8 158 — 35 203 —
11 198 — 36 86 0.61
12 179 — 37 208 —
13 176 3.14 38 184 —
13-1 156 — 39 197 2.06
13-2 162 — 40 — 215
14 143 0.89 41 — 204
15 186 — 42 222 6.10
16 232 2.94 43 211 —
17-1 163 — 44 219 —
17-2 205 — 45 224 —
18 195 — 46 50 0.67
19-1 182 — 47 242 1.19
20 168 — 48 208 —
21 197 — 49 197 —
22 190 — 64 168 —
23 220 3.08

tectonic activity, is filled with about 7 km of
Cenozoic marine evaporites, continental sediments
and some volcanic extrusives.

In the study area, development of halite evapo-
rites with substantial thickness (hundreds to thou-
sands of metres), which suggests initial inflow of
seawater along the narrow continental rift axis of
the incipient ocean basin, initiated in Early
Eocene time and continued up to the Middle

Fig. 14. Primary sylvite crystals that contain carnallite
euhedral daughter mineral in its inclusions. Carnallite
inclusion (arrow) shows its crystallographic
characteristics (plane polarized light, scale bar 600 pwm).

Miocene in the isolated failed rift arms, oblique to
the axis of divergence. Intermittent deposition of
normal marine sediments (e.g. Qom Formation)
on these continental sediments and marginal
marine evaporites (LRF) demonstrates the full
influx of the sea and the flooding of the subsiding
margins of the divergent continents (Fig. 15).
However, competition between marine and non-
marine environments, at the edge of the encroach-
ing sea, produced several cycles of abrupt and
gradual transition from continental wadi sediments
to marginal marine evaporite in the study area.
This finally led to accumulation of marine evapor-
ites of M1 of URF that, in turn, is gradually replaced
by red beds of continental sediments of M2 and M3.

Brine origin and evolution

The brine origin and evolution in the modern and
ancient continental rift basin has been addressed by
several researchers, among them Hardie (1984,
1990) and Zak (1997). In particular the origin of
CaCl, brine in the Dead Sea has been discussed by
Zak (1997) and ascribed to mixing and chemical evol-
ution of three basic brines. These include diagenetic
brine formed by seawater evaporation, then modified
by Mg+ Ca exchange into Ca—Mg—Na-Cl-Br
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Fig. 15. Depositional model for evaporite deposition and associated marine and non-marine sediments in the Great
Kavir Basin. Seawater, intermittently, recharged evaporite subbasins through land barriers and faults systems. In
addition, modified seawater (CaCl, brines) was driven upward into the basin along faults and fracture zones by deep
circulation. Arid climate and hydrologic closure enhanced evaporative concentration, and resulted in deposition of

halite and MgSOy-poor potash salts.

water. In this marine derived brine, Mg has been
exchanged with the Ca from carbonate sediments
and then most of the dissolved sulphate has been con-
sumed by calcium sulphate precipitation. The other
type of brine is altered meteoric water containing air-
borne sea salts. The third type is metamorphic brine
that resulted from incongruent alteration and dissol-
ution of hydrous evaporite minerals. The mixtures
of these solutions experienced several progressive—
regressive  evaporation cycles with periodic
precipitation of halite and sporadically of carnallite
(Zak 1997).

In the Great Kavir Basin, which is an old
continental rift setting, seawater moved into the
subsurface through faults and fractures in the
bedrock and after some alteration fluxed into iso-
lated evaporite basins along hydraulic pathways.
These marginal basins formed by extensive block
faulting during rift opening and closure. These
restricted basins, which temporarily were connected
with the ocean and filled by normal seawater, were
under the domination of the arid conditions and
resulting evaporative concentration. On the other
hand, in transit the deeper circulating seawater
became heated and presumably reacted with the
hot igneous and metamorphic bedrocks (Hardie
1990) and/or carbonate rocks (Zak 1997) before

surfacing as CaCl, brine appropriate for precipi-
tation of MgSOy-poor salts. Thus, evaporating
surface brines in the closed arid basins originated
as mixtures of normal seawater plus the aforemen-
tioned hydrothermal CaCl, brine. As Hardie
(1990) pointed out, ‘only relatively small additions
of CaCl, brines upwelling into the basin along
faults and other permeable pathways are needed to
convert a restricted body of seawater into MgSOy-
poor brine’. These MgSO,-poor potash-bearing
evaporites were deposited in marginal marine
basins around the continental rift, which probably
received an inflow of hydrothermal CaCl, brines.
These basins were occasionally flooded with sea-
water, and seawater-derived hydrothermal brines
leaked, more or less continually, through bedrock
or another type of barrier by thermal or gravitational
convection (Fig. 15). Some gypsum precipitated
from such mixtures, and then, in the late stages of
evaporation concentrated brines formed halite,
sylvite and carnallite, that were precipitated with
an absence of MgSO, salts. It seems that in the
Great Kavir Basin, a long history of repeated
tectonic movements and magmatism (from Early
Cretaceous to Middle Miocene) was responsible
for a very thick sequence of MgSO,-poor potash
evaporite deposits and its associated mixture of
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both marine and continental sediments. Another indi-
cation of the contribution of hydrothermal waters to
the brines forming MgSOy-poor potash-bearing
deposits in the study area is the higher than average
concentration of Zn and Fe in the halite, as, for
example the 943 ppm Fe, up to 1250 ppm Zn.

Conclusions

The Miocene evaporites studied in the Great Kavir
Basin are MgSO4-poor potash-bearing deposits,
made up of cycles composed of halite, sylvite and
carnallite with delicately and well-preserved
primary depositional bottom growth textures. This
conclusively demonstrates that primary, undersatu-
rated inflow waters were MgSO4-poor and also
rules out any post depositional alteration mechan-
ism as the cause of the lack of sulphate. However,
the very soluble CaCl, mineral tachyhydrite
(CaCl, - 2MgCl, - 12H,0), which is typical of
some of the MgSOy4-poor potash deposits, is
absent in the study area. This could be ascribed to
the moderate meteoric diagenesis that affected
these deposits. These deposits are clearly primary
precipitates and little altered since their accumu-
lation. This conclusion is fully supported by
textual evidence.

The primary potash of the study area formed
syndepositionally, during or just after deposition
by processes controlled by the existing depositional
environment. According to field and petrographic
examinations, the syndepositional origin of the
potash salts in the Melheh salt pit is substantiated
and the potash minerals formed primarily as
bedded subaqueous deposits.

The stratigraphic relationships, petrographic
textures, fluid inclusions and geochemistry of
these potash-bearing evaporites demonstrate their
primary origin. These observations lead us to con-
clude that the sylvite and carnallite are syndeposi-
tional in origin and formed as in situ subaqueous
deposits, and the high Br content of those halite
samples with well-preserved primary textures is
an indication of a marine signature for parent
brines. Moreover, Br values vary concordantly
with the K and Mg that present preservation of a
primary geochemical signature.

Seemingly, these evaporites were deposited in
rift-related sub-basins formed by extensive block
faulting during rift opening and closure. The
latter were under the influence of upwelling CaCl,
hydrothermal brine. These Zn- and Fe-rich hydro-
thermal brines were the main source for MgSQOy-
poor salt deposition. Arid climate and hydrologic
closure of this depositional basin enhanced
evaporative concentration of the brines and
salt deposition.

This paper is produced by a grant to the senior author
from Tehran University, which is appreciated. B. C.
Schreiber and A. Lomando provided invaluable comments
and suggestions on the draft, for which we are
sincerely grateful.
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